This article describes an exercise to portray, quantify and map ecosystem services in the arid and semi-arid lands of Northern Kenya. We used a framework that distinguished intermediate services, final services and benefits to classify ecosystem services. The intermediate services were water and forage, key inputs into the final benefits of livestock production, wildlife tourism and cropping. To construct maps of ecosystem services, this study first delineated and described the natural resource base, as well as the physical and human geography and physical infrastructure of the catchment. The supply of ecosystem services were then described and mapped as bundles by land use type. This distribution was based on a spatially explicit land use map, as land management choices determine production of ecosystem services. The conceptual framework of ecosystem services implies that any given point in a landscape supplies multiple ecosystem services. However, few studies manage to describe or map such bundles of ecosystem services. We described the bundles of services provided by different land uses and geographic points. The maps allow for comparison of service provision among different locations. The final map shows the market value of the final benefits, which allow for an economic comparison among different commodities.
Introduction
The ecosystem services concept makes the dependence of human well-being on ecosystems explicit, as ecosystem services are 'the aspects of ecosystem services utilized to produce human well-being' (Hassan et al. 2005; Fisher et al. 2009 ). The ongoing loss of key ecosystem services, it is further argued, is undermining the ability of the biophysical environment to sustain people and their livelihoods. An ecosystems services approach is suggested as a tool for promoting more attention to the biophysical environment in natural resource development and infrastructure planning decisions ). Such an approach clearly identifies and quantifies (as best as possible given data limitations) the supply of important ecosystem services as well as the demand for them, and the interactions (trade-offs or synergies) among different ecosystem services. Often, the management of ecosystems to deliberately enhance some services that people value for their well-being results in the loss of other equally important services. Understanding these relationships between ecosystem services and their interaction with land use management is thus critical to future management decisions for both ecosystems and livelihoods.
The Millennium Ecosystem Assessment was an analysis of ecosystem services and human well-being at the global level, but more recently, ecosystem approaches are being implemented at the national and sub-national levels (Metzger et al. 2004; Chen et al. 2009; Nelson et al. 2009; Reyers et al. 2009 ). This is in response to arguments that there is a need to account for ecosystem services at the national and sub-national levels for development and *Corresponding author. Email: p.ericksen@cgiar.org planning processes, for example, regarding the use of land and water. Within East Africa, for instance, a number of parties support an agenda to implement the ecosystem services approach in drylands at the sub-national level (e.g. World Resources Institute, the International Union for the Conservation of Nature (IUCN) and the World Wildlife Foundation). This agenda arises from concerns that not only are ecosystem services declining in drylands (e.g. forage biomass, surface water supply) threatening future human well-being, but those dryland pastoral ecosystems are traditionally undervalued both in terms of their contribution to national gross domestic product (GDP) and also for the non-marketable benefits people derive (Hatfield and Davies 2006; EcoNorthwest 2010) . The contribution of livestock to rural livelihoods has been underestimated in the past because of the focus on productivity and limited consideration of no monetized products and services, but poor and subsistence households obtain multiple benefits from the use of livestock (Landelfeld and Bettinger 2005) . According to Gibson and Pullin (2005) (cited by Ouma et al. 2007 ), 80% of the value of livestock in low input systems is attributed to non-income, sociocultural functions, while only 20% is attributed to market products such as meat, milk and wool. The value of livestock production and the wildlife diversity found in rangelands is typically not included in national GDP estimates. New development schemes that fail to recognize both the importance of ecosystem services supplied in dryland systems and the dependence of residents of the drylands on those services may have negative consequences for both poverty alleviation and environmental sustainability.
Despite the frequently quoted reliance of rural livelihoods on ecosystem services (Millennium Ecosystem Assessment 2005) , there are few studies done in Africa, and even fewer at the sub-national level, with the exception of South Africa (e.g. Egoh et al. 2008; Reyers et al. 2009 ). This is a critical gap, as many decisions that directly affect ecosystem services are made at the sub-national level and in Africa the pressure to increase the use of natural resources (e.g. for agriculture, forestry, mining) is growing to meet economic and social goals (Enfors and Gordon 2007; EcoNorthwest 2010) .
The drylands of Northern Kenya are an example of an area where land use planning decisions are rapidly evolving in response to development agendas and conflict over land and water resources. Drylands have been traditionally neglected as pastoral areas were not considered crucial to national development goals. Hence, the drylands are facing multiple opportunities as well as challenges, including increased competition for land and water from growing populations, agricultural schemes and tourism operations; increased investment in transportation infrastructure, which both creates access to markets and threatens wildlife corridors; and repeated droughts and subsequent livestock losses and food insecurity.
In this article, we describe efforts to portray, map and quantify key ecosystem services of importance to pastoralists, crop farmers, the tourism industry, conservationists and national policy planners in one large catchment in Northern Kenya. Mapping ecosystem services can be a valuable tool for spatial planning and land use policy (Naidoo et al. 2008; Tallis and Polasky 2009) . The intent of the mapping in this study was to classify land units that have unique bundles of ecosystem services and are distributed heterogeneously across the catchment as a result of both biophysical geography and socio-economic conditions and choices. The maps were developed using characteristics of the biophysical and socio-economic geography to identify the locations of ecosystem service supply. Bundles of services were identified based on land use type. Their distribution across the catchment is described using several methods, including estimating market value for three final benefits. We conclude with a discussion of the management and methodological implications of ecosystem service distribution across the catchment.
Methods

Classifying and characterizing ecosystem services
Mapping or spatially explicit quantification of ecosystem services requires information on the extent of a landscape over which these services are delivered, the amount of service provided per unit area and the monetary value of these services. Undertaking spatially explicit mapping requires careful prior reflection on the classification of ecosystem services; the nature of their interactions in time and space and the mechanisms behind these; and how to best map them given the context and data available (Turner et al. 2008; Bennett et al. 2009; de Groot et al. 2010) .
Classifying ecosystem services
The Millennium Ecosystem Assessment (2003) distinguishes four types of ecosystem services (provisioning, regulating, cultural and supporting), including both final products that benefit people (e.g. drinking water) and inputs and processes (nutrient cycling or water purification) that contribute to these final benefits. Some argue that the absence of hierarchy in the classification of these services creates confusion when trying to value ecosystem services. A different classification, which recognizes relationships between various types of services, separates benefits to people from ecosystem services and divides services into intermediate and final (Fisher et al. 2009 ). We adopted this classification (Figure 1) as it is simpler and avoids double counting when valuing ecosystem services. Intermediate services produce final services that lead to the provisioning of final benefits, which may or may not have a current market value. This approach also has the advantage of identifying the interactions between final benefits and the underlying services.
Mapping multiple ecosystem services
A number of recent papers deal with mapping multiple ecosystem services at the national and sub-national (rather than global) levels, focusing on the interactions as well as congruence among services. This is based on the recognition that services are not distributed independently of one another, and hence can be mapped together to improve ecosystem management and avoid inadvertent trade-offs between services. Nelson et al. (2009) use the InVEST tool, which combines land use/land cover classification with a suite of models to map and value ecosystem services. Tallis and Polasky (2009) add that with tools such as InVEST the relationship among multiple services can be envisioned, and also that maps of services rather than just biophysical processes can be made. Reyers et al. (2009) use land cover data as the basis for identifying ecosystem service production units, and statistical geographic information systems (GIS) analysis to map the overlap in provision of services. Egoh et al. (2008) use the statistical distribution of proxy indicators to quantify the amount and distribution of five services across a landscape and their congruence. Raudsepp-Hearne et al. (2010) used a similar approach of mapping the spatial distribution of proxy indicators for preselected ecosystem services of interest, but also identified bundles using principal component analysis to group geographic locations by the bundles of services they delivered; these corresponded to known social-ecological subsystems across the landscape. This approach combined both biophysical endowments and socio-economic management decisions.
The need to include a representation of people's management choices or social values is increasingly recognized (Bryan et al. 2010) . Management choices can be made on the basis of both economic and other social values, such as desire for recreation and recognition of the ecological value of certain places. Spatial quantification approaches work in cases where mappable units of land have specific combinations or bundles of ecosystem services, which differentiate them from adjacent land units with different sets of services. Ecosystem services relate both to land cover and to land use; however, land use includes socio-economic decisions about which services are demanded by people, and hence we chose land use units as the basis for delineating bundles of services and their distribution. In addition, land use change is often the primary driver leading to changes in ecosystem service provision (DeFries et al. 2005 ).
The study site
We chose the Ewaso Ng'iro catchment in Northern Kenya because there are currently a number of proposals to improve transport infrastructure across the area. It consists almost entirely of dryland ecosystems, and there is considerable competition between upstream and downstream users for the water in the Ewaso Ng'iro River, the only permanent source of surface water in the catchment. In addition, the catchment hosts diverse wildlife which provide the basis for luxury tourism in private conservancies as well as county parks. The other major activity in the catchment is mobile pastoralism.
The 83,847 km 2 catchment ( Figure 2a ) extends geographically from 0.5
• S to 3
• N and from 36 • W to 41
• E, and from 5200 m a.s.l. at Mt Kenya to 138 m a.s.l. in Garissa. The larger part of the catchment is classified as arid and semi-arid lands (Figure 2b ), but small pockets of more humid areas exist (Sombroek et al. 1982) . The Ewaso Ng'iro River, which receives most of its water from the Aberdares and Mt Kenya (Figure 2 ), carries permanent water to beyond Archer's Post, whereafter it becomes an ephemeral stream that disappears in the Lorian swamp. Here it recharges the Merti Aquifer, and its subsurface flows continue eastward to feed springs in Somalia, before eventually draining into the Indian Ocean (Mati et al. 2005) The catchment has bimodal rainfall varying from above 1200 mm/year at Mt Kenya to less than 300 mm in the east. The vegetation varies accordingly, with natural and plantation forests on the slopes of Mt Kenya and the Aberdares; lands under rainfed crops downslope; and grass and shrublands interspersed with riparian wetlands, such as the above-mentioned Lorian swamp, in the lower part of the catchment.
The population in the catchment, up from 0.28 million people in 1969 to 1.85 million people in 2009, has increased 4.7% annually as a result of net immigration, at a rate well above the national population growth rate of 3.3%. This is due to agricultural expansion from high potential areas to the west, as well as Somali refugees in the east. Poverty is widespread throughout the catchment with poverty rates above 55% prevailing in many places, higher than the Kenyan average of 46% .
Developing land use units
To map the supply of ecosystem services we used a land use map (Figure 3b ), which was derived from information on land cover derived from Africover database (Food and Agriculture Organization 2000) ( Figure 3a ). The 26 classes that occurred in the catchment in the original Africover map were aggregated into 12 classes as follows: 12 forests (2.3% of total area), woodlands (2%), bushlands (7.3%), shrublands (23.5%), shrub savannahs (41%), grasslands (10.3%), rainfed crops (2.9%), irrigated crops (0.06%), scattered rainfed crops (5.3%), wetlands (5.3%), bare areas (0.3%) and urban settlement (0.05%). The land use map was derived from the land cover map and supplemented with data on livestock and wildlife distribution and the location of protected areas and private conservancies. The specific sources of data we used are listed in Table 1 and more information can be found in Ericksen et al. (2011) . Seven land use types were identified: conservation forestry, production forestry, mixed crop-livestock production, irrigated crop production, livestock with wildlife conservation, livestock production only and wildlife conservation only (see Table 1 ). Sombroek et al. (1982) ).
which is a better basis for mapping ecosystem services. Specifically, there were two land use types in the land cover type 'forest': production and conservation forestry, which differed in the set of ecosystem services they provided. Second, ecosystem services in rangelands were not so much related to the various land cover types (grassland, shrubland, woody savanna, etc.) but rather to the tenure and use of these rangelands, for example, communally owned lands that were used for livestock production only; private ranches and community-based conservancies that were used for livestock production and wildlife conservation; and state-owned conservation areas that were used for wildlife conservation.
To identify the ecosystem services provided by each land use unit, we combined our own knowledge of these land uses with livestock and wildlife distribution data, crop yield data, forage production data and surface water supply data (see Table 1 ). The services identified were crops, livestock products, livestock assets, wildlife, climate regulation, trees and woody species, freshwater quality and quantity and water security, flood regulation with surface and groundwater recharge and livestock's cultural value. Figure 1 depicts the relationship between intermediate services, final services and final benefits.
Valuation of ecosystem services
Estimating the economic value of ecosystem services allows for mapping and comparison between different ecosystem services as well as land uses (Turner et al. 2008; Swallow et al. 2009 ). Since some ecosystem services, such as tourism, cannot be mapped as physical quantities in the same way as other commodities, economic valuation becomes a crucial tool to help visualize the distribution of ecosystem benefits. We adopted an approach where only final benefits were valued to avoid double counting. The final benefits are ecosystem services that have a real or potential market value. The selected ecosystem services and goods we chose are crops, livestock and livestock products and wildlife-based tourism, as these are priorities for land managers in the catchment. Demand for these benefits is local in the case of crops and livestock, and largely international in the case of tourism. However, some of the tour operators, conservancy and county park managers are based in Kenya.
For these selected benefits, the values were calculated as follows: market price analysis (to derive gross income) was applied to crops, livestock and livestock products. Data on crop and livestock production as well as market prices from the nearest major markets were collected at the district level. (2006) and Rakotoarisoa et al. (2008) . The prices at Garissa market, the largest in livestock market in Kenya and adjacent to the catchment, were selected. The value of livestock and livestock products were also assessed at the district level.
For tourism, a distinction was made between the private benefits accrued to the private conservancies and the value accrued to national parks, which are in the public domain. Data on visitors to national parks are publicly available from the Ministry of Tourism.
1 The value was computed by multiplying the number of international visitors by the park fees for the two parks in the catchment for which data were available: Mt Kenya and Samburu. We estimated the percentage of each park that is actually located in the catchment. For private conservancies, the value was based on market prices and the number of visitors to the conservancies belonging to the Northern Rangelands Trust, which does not include all conservancies in the catchment so this is an underestimate. The number of beneficiaries was estimated based on the communities involved in these conservation schemes, and subsequently a value per hectare was computed based on the area of the catchment under conservancies.
As explained below, we subdivided the catchment into eight subcatchments, and then calculated the distribution of land uses within each subcatchment. To generate the estimates of revenue per sub-basin, GIS analysis was used to overlay the boundaries of the sub-basins on the district boundaries. The values have been determined on the basis of the proportion of the districts located in each sub-basin, and the area in each subcatchment under different land uses. Crops were assumed to be produced by the irrigated cropping and mixed crop-livestock land uses. Livestock was assumed to be produced by the livestock production; mixed livestock production and wildlife conservation; and mixed crop-livestock production land uses.
Results
Supply of ecosystem services
We subdivided the catchment into eight subcatchments in order to discuss differences in the provisioning of ecosystem services between areas of the catchment. We chose subcatchments as the basis for mapping supply and then calculated the land use distribution across the subcatchments (see Figure 5 ). As water is the major limiting factor for any biomass production in the catchment, this seemed a sensible and policy relevant choice. The subcatchments were delineated using a digital elevation model derived from Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and reflect differences in topography and relief. Surface water is generated in the upper part of the catchment where there is higher rainfall and elevation; in the larger downstream part of the catchment evapotranspiration is higher than precipitation. Often the Ewaso Ng'iro River is dry below Archer's Post, which means people and animals in subcatchments 1, 3 and 6 rely on the unevenly distributed network of boreholes (for groundwater from the Merti Aquifer), shallow wells and surface dams for water . Figure 3a reveals that land cover in the catchment varies in response to gradients in elevation, soils and agro-climatic conditions. Forests are mostly found on the slopes of the various mountains, including Mt Kenya, the Aberdares and Mt Marsabit. Rainfed crops and mixtures of crops with other vegetation are localized mostly in the semi-humid and semi-arid zones on lower mountain slopes and in the Laikipia Plateau. Grasslands and lands with woody vegetation (shrubs, woods and bushlands) dominate the arid and very arid zones. Hence, the biophysical geography or natural resource endowments are a key determinant of the potential to supply ecosystem services.
Note that there is tremendous interannual as well as spatial variability in the precipitation patterns across the catchment. Analysis not shown here of the differences in water availability and forage production between good rainfall and drought years shows that between years, forage biomass and greenness can be as much as 50% different from the year before. Thus, livestock and wildlife rely on mobility to move in search of water and grazing area, and this migration varies both seasonally and annually.
Ecosystem services are realized in relation to human well-being. In the study described here, land use choices reflect people's decisions about ecosystem management for human benefit. The dominant land use types in the catchment (Figure 3b ) vary in part by land cover (and hence biophysical geography), but also by socio-economic and political decisions about land management. Forests are managed either for conservation (if they have protected status as Forest Reserves) or for production forestry, where people can extract timber. These land uses are primarily in agro-climatic zone (ACZ) A in the upper subcatchments. Additionally, the rainfed croplands found in the upper subcatchments are used for mixed crop-livestock production systems, while small areas of irrigated agriculture are highly productive in terms of yield but restricted only to crop production. There are three main land use types in the arid and very arid zones in the lower subcatchments which are largely covered by rangelands. The majority of the lowlands are managed for livestock production. Smaller areas of these drylands are under protected area status and managed strictly for wildlife conservation and tourism. Private and community conservancies are managed for a mixture of livestock production, wildlife conservation and tourism. Livestock production is the dominant land use overall in the catchment, occupying 82% of the total area. Mixed crop-livestock production occupies 6% of the land area, followed by mixed livestock production and wildlife conservation (4%) and wildlife conservation (3%). Figure 4 contains maps of cattle and wildlife density distribution across the catchment. Although cattle are found throughout most of the catchment, with the exception of the far northern part, areas of higher density are found in subcatchments 4, 7 and 8 in the higher rainfall ACZ; 3 and 6 in the arid zone; and part of 1 around Mt Marsabit. The four wildlife species mapped (giraffes, oryx, Grevy's zebra and elephants) show quite distinct distributions. Elephants are concentrated in subcatchments 2, 4, 5, 7 and 8, while giraffes and oryx are more evenly distributed, although the centre of the catchment is largely devoid of any wildlife. Grevy's zebra, a red-listed species with a significant part of its global population found in the Ewaso Ng'iro catchment, are distributed in patches. Note that all wildlife species are found both inside and outside of the protected areas and conservancies. Figure 5 shows the heterogeneous distribution of land use units by subcatchment. The size of the circle represents the proportion of the total land use found in each subcatchment. Thus, irrigated crop production is largely restricted to subcatchments 7 and 8, while livestock production is found in all subcatchments, with concentrations in 1, 2, 3 and 6. Wildlife conservation is restricted to 1, 2, 5 and 6, and mixed livestock/wildlife production is found in 2, 3, 4, 5 and 8. Subcatchment 5 is the only one to contain all seven land use units. Figure 6 illustrates the bundles of final services and benefits produced by the seven land use units as pie charts. These diagrams indicate several points. First, no land use unit supplies all eight ecosystem services: production forestry supplies seven, followed by livestock and wildlife with six and mixed crop-livestock with five. This contrasts with wildlife conservation and irrigated crop production which supply only three and four ecosystem services, respectively. Second, there are differences among the services supplied by different land uses. Crops are only supplied by two of the land uses, while wildlife, climate regulation and water quality and quantity are each supplied by five land uses. Livestock products and assets are also provided by five of the units, but the cultural value is only provided by three. Finally, flood regulation is provided by three of the land uses. Third, there are synergies between services that may suggest regularly two repeating bundles by land use: livestock and wildlife; water quality and quantity and flood regulation with trees and woody species and climate regulation. Fourth, there are clear trade-offs between crops and wildlife, as well as between water quality and quantity and crop production. Although the wildlife and livestock production land uses do not supply water, this is largely a function of their geographic location within the catchment.
The map of market value of three final benefits is presented in Figure 7 : these are livestock products, livestock assets and crops. Tourism was valued as follows: for the two national parks (Mt Kenya and Samburu), the value per hectare was $22.7 in subcatchment 5 and $21.2 in subcatchment 8. In the case of private conservancies, the value was $2.5/ha in subcatchments 2 and 4. We excluded tourism from the map as its total market value is much smaller than the other three commodities ($2.5-22.7/ha for tourism vs. more than $1000/ha for crops and livestock assets). The average market value of the three final benefits is greater in the upstream part of the basin, where cropping is the main activity contributing to the economic value of the subcatchments located in this area. Subcatchments located in the downstream part of the basin derive their value principally from livestock asset and in minor part from the selling of livestock products and crops. Based on this representation we can distinguish two major areas: the upper part of the catchment where crop values are very important and the lower, arid subcatchments where these values are almost insignificant when compared with the first. The high crop values are clearly linked to distinctive climatic conditions and also market access and infrastructure. These areas are also well endowed with road and market infrastructure. An additional factor leading to the scarcity of products sold in the market in the lower basin may be the poor infrastructure and limited access to markets, as well as the fact that much livestock trade is under-reported.
Discussion and conclusion
This exercise to map ecosystem services in a dryland catchment of Northern Kenya has produced results of interest both to land managers and to the scientific community. We first discuss the information useful for land management decisions and then discuss the methodological implications.
Implications for land management
Mapping ecosystem services is a tool for identifying management priorities, as it illustrates areas of high or low value, overlap among ecosystem service locations and synergies or trade-offs among supply of ecosystem services in different locations or over time (Egoh et al. 2008; Chen et al. 2009; Bryan et al. 2010) . The Ewaso Ng'iro catchment has been deliberately managed by multiple users for centuries, and these management choices have resulted in the current distribution of ecosystem services across the catchment, given the productivity limits imposed by precipitation, geology and soils. The maps presented here illustrate several points that land managers and policymakers could use in thinking about the future of land use in the catchment. First, because we mapped multiple services, we illustrate that there are differences in the number of services provided by different land uses, largely a reflection of management intent, which has implications for livelihoods. The options for diversified livelihoods are greater in the land uses with a more diverse portfolio of services: production forestry, livestock production, mixed crop/livestock and mixed livestock/wildlife. These options are spread throughout the catchment.
However, the available data indicate that the market value of final benefits is highest in the upper subcatchments, large because of cropping, which occupies a very tiny part of the landscape. This is largely a function of infrastructure that makes access to markets and tourists easier in the more densely populated and better served upper subcatchments, as well as the traditional economic undervaluing of pastoral production systems in more remote dryland areas. Considered against the findings that the mixed land uses provide a more diverse set of ecosystem services, these results suggest that at the moment most ecosystem service bundles in the catchment are significantly undervalued by the market. However, management decisions that resulted in more high-value crop production would do so at the expense of other ecosystem services, as cropping does not occur in bundles with many other ecosystem services. In particular wildlifebased tourism, an area of potential growth, is a land use to protect.
Another implication stems from the fact that many of the ecosystem services occur together, particularly livestock and wildlife production, and trees and woody species, water quality and quantity and climate regulation. Yet the land uses are not uniformly distributed, and hence there is heterogeneity in supply of ecosystem services, particularly between the upper and lower parts of the catchment. Additionally, we identified trade-offs between crops and wildlife, crops and water quality/quantity. As all of the cropping are located in the upper water-rich subcatchments, this is resulting in upstream/downstream water conflicts, as dry season irrigation decreases the amount of water in the Ewaso Ng'iro River below Archer's Post .
Most ecosystem mapping studies focus on the impacts of change (e.g. Nelson et al. 2009; Reyers et al. 2009 ) on the supply of ecosystem services. The study described here indicates which benefits would be lost if more land were converted; for example, a switch to cropping from production forestry or mixed livestock/wildlife would reduce the number of ecosystem services from seven or eight to only four. It lays the foundation for future land use scenario exercises.
Implications for mapping ecosystem services
We chose to present a synthetic map depicting ecosystem service bundles rather than individual ecosystem services. This has the advantage of delineating the distribution of multiple land attributes such as ecosystem services in a single map, as advocated by Bennett et al. (2009) . This approach is similar to the land unit approach (Christian 1958; Zonneveld 1989) , which identifies land units with similar genesis, land cover and land use, and typically results in a large number of map units. The land unit approach depends on an underlying assumption that homogeneous units of land exist, and it typically works well in areas with strong biophysical gradients.
Our ecosystem service bundle map was based on a land use map, rather than the broader land unit concept. This approach is based on the premise that the distribution of ecosystem services is related primarily to the dominant use that people decide to make of the land. The approach ignores effects that land cover or the substrate may have on the distribution of ecosystem services. It is possible that the bundle of ecosystem services in forest on volcanic substrate differed from forest on granites, or similarly between woody savanna and scrubland. Insufficient knowledge on the relation between service bundles and geology/land cover rather than absence of maps limited our ability to build such greater detail in the ecosystem bundle maps, and we have thus chosen the more generic map presented in this article.
Any map is a generalization of reality. A good categorical map captures the variation existing across a landscape as much as possible in the contrasts between map units, with as little as possible variability within each unit. This optimization process, which is straightforward for univariate maps, is more complicated for categorical maps displaying multiple attributes. It works well where there is strong association in the distribution of ecosystem services that make up an ecosystem service bundle; this approach to map bundles of ecosystem services would become less appropriate at weaker levels of association. Egoh et al. (2008) and Reyers et al. (2009) also found that mapping multiple services across a landscape allowed identification of where services overlapped or did not. Raudsepp-Hearne et al. (2010) found statistical correlations among bundles of services, an approach we did not have sufficient data at local resolution to attempt.
Mapping of ecosystem services is still in its infancy, and a variety of approaches is likely to be proposed and explored in the years to come. The decision about whether to use separate maps or ecosystem bundle maps will be determined by the need for cartographic synthesis on the one hand and the technical possibility to reliably map ecosystem service bundles on the other. The latter will depend on the strength of the associations among the ecosystem services that make up a bundle (e.g. trees and woody species with flood regulation). We recommend more research on this, both with stakeholders and using statistical analysis.
We presented the map of market values to illustrate their utility as a mapping tool. The advantage of converting final benefit quantities to dollar amounts is that different commodities can be compared, in this case livestock products, livestock assets and crops. Additionally, most decision-makers are interested in the market value that can be derived from a land use. However, those commodities with little or no market value, or for which reporting and collecting data present difficulties, are unable to be represented in such a mapping, and hence other valuation methods are needed. In our case, we present the valuation maps as one of several visualization methods.
Implications for feasibility of ecosystem service mapping in developing countries
The project for which these maps were produced was premised on the need to account for ecosystem services at the sub-national level, in order to help planners and decision-makers to work at appropriate scales. Such accounting requires spatially explicit mapping and quantification of ecosystem services and final benefits. A common preconception is that such an undertaking might be difficult in a developing country context given problems of data availability and data access. Our experience was that some spatial data were available for each ecosystem service we prioritized, as we had access to data custodians in both Kenya and overseas. We recognize the availability of global data sets, which are often used as proxies in local studies (Eigenbrod et al. 2010) , but for this project we used the more detailed locally available data.
The land cover and land use maps were developed from both publicly available information and additional Kenyan sources. The livestock and wildlife distribution maps were derived from aerial survey data held in Kenya; the forage biomass data were derived from both raw Normalized Differential Vegetation Index (NDVI) images and data held by an international project (Livestock Early Warning System (LEWS), from the Global Livestock Collaborative Research Support Program (CRSP)). In the case of water, we fell short of developing a map of water provisioning per subcatchment, but we were able to estimate total precipitation and surface water flows in the Ewaso Ng'iro. Market value data came from both Kenyan government sources and wildlife conservancies. The value of tourism was largely underestimated as we missed some conservancies as well as the county-run parks; additionally, the value of wildlife is higher than estimated only by the park fees, as this does not capture any aspects of willingness to pay. Livestock trade is also undervalued as some of these are informal and not reported in government statistics.
Our hope is that this exercise will generate interest from research partners and land managers by revealing information gaps for ecosystem services they have a stake in protecting or enhancing. This could drive more collaboration to enable a full total economic valuation of all services in the catchment, which could be used in deciding what sensible land use investments will be over the next few years.
Overall, we recommend this as a generic mapping approach suitable for a range of contexts. Ecosystem service bundles can be linked to land uses everywhere. Land managers are also accustomed to thinking about land use choices, and illustrating which ecosystem services are enhanced or lost as a result is a way to incorporate ecosystem approaches in land use planning.
